Abstract. Astrometry and Celestial Mechanics have entered a new era with the advent of Micro-arcsecond positions, parallaxes and proper motions. Cutting-edge science topics will be addressed that were far beyond our grasp only a few years ago. It will be possible to determine definitive distances to Cepheid variables, the center of our Galaxy, the Magellanic Clouds and other Local Group members. We will measure the orbital parameters of dwarf galaxies that are merging with the Milky Way, define the kinematics, dynamics and structure of our Galaxy and search for evidence of the Dark Matter that makes up most of the mass in the universe. Stellar masses will be determined routinely to 1% accuracy and we will be able to make full orbit solutions and mass determinations for Extrasolar planetary systems. If we are to take advantage of Micro-arcsecond astrometry, we need to reformulate our study of reference frames, systems and the equations of motion in the context of special and general relativity. Methods also need to be developed to statistically analyze our data and calibrate our instruments to levels beyond current standards. As a consequence, our curricula must be drastically revised to meet the needs of students in the 21st Century. With the above considerations in mind, we developed a syllabus for an introductory one-semester course in Astrometry and Celestial Mechanics. This course gives broad introductions to most topics in our fields and a base of knowledge from which a student can elect areas for self-study or attendance at centers where advanced courses, workshops or internships are available.
Introduction
Astrometry and Celestial Mechanics have entered into a new era with the advent of Micro-arcsecond positions, parallaxes and proper motions. Cutting-edge science topics will be addressed that were far beyond our grasp only a few years ago. It will be possible to determine definitive distances to Cepheid variables, the center of our Galaxy, the Magellanic Clouds and other Local Group members. We will measure the orbital parameters of dwarf galaxies that are merging with the Milky Way, define the kinematics, dynamics and structure of our Galaxy and search for evidence of the Dark Matter that makes up most of the mass in the universe. We have already measured the mass of the Black Hole at the center of the Milky Way and will soon be able to determine the detailed mass distribution of the galactic center. Stellar masses will be determined routinely to 1% accuracy and we will be able to make full orbit solutions and mass determinations for Extrasolar planetary systems.
If we are to take advantage of Micro-arcsecond astrometry, we need to reformulate our study of reference frames, systems and the equations of motion in the context of special and general relativity. The reference frames and systems established by Gaia, an orbiting satellite, must be related to those of the Solar System and the Earth, hence we must consider Celestial Mechanics as an integral part of our students educational program. Finally, methods need to be developed to calibrate our instruments to levels beyond commonly expected standards. In addition to the numerous space-based missions that are planned to provide high accuracy positions, parallaxes and proper motions, several large-scale ground-based telescopes and instruments such as Pan-STARRS, LSST and large-scale CCD mosaic camera surveys will dramatically increase the quantity of data available and require that students be educated in techniques to analyze massive amounts of data to cull out trends and special objects. As a consequence, our curricula must be drastically revised to meet the needs of students in the 21 st Century. A full range of courses is available to students at only a few centers in Europe and Asia, so it will be necessary to utilize a variety of teaching methods and opportunities, such as lecture courses, internships, workshops and summer schools. The 2005 Yale Summer School on Astrometry is an example of an intensive introduction to Astrometry. The School web site (http://www.astro.yale.edu/workshop) contains the lectures, which may be freely downloaded. The IAU Division I Working Group on Astrometry by small ground-based telescopes can provide numerous educational and training opportunities for students and a means to accomplish different international campaigns, such as PHEURA, PHESAT and PHEMU.
An introductory course on astrometry and celestial mechanics(ACM1)
With the above considerations in mind, we developed a syllabus for an introductory 40-hour one-semester course in Astrometry and Celestial Mechanics, which we refer to here as ACM 1. A course length may vary at different institutes, but it should be easy to revise this to a 20-hour course by reducing the depth covered in subjects or by selectively omitting some areas. In addition, the relative stress on subject areas should be adjusted to meet the special needs of different institutions. As noted above, there are very few centers where a full range of courses can be offered, therefore we developed the syllabus for a one-semester course that can be offered at many institutions and provide a maximum number of students with an introduction to Astrometry and Celestial Mechanics. This course gives broad introductions to most topics in our fields and a base of knowledge from which a student can elect areas for self-study or attendance at centers where advanced courses, workshops or internships are available.
Our fields are small and specialized so it is vital that ACM 1 be integrated into a general astronomical curriculum with offerings in fields that are significantly impacted by the application of modern astrometric and celestial mechanical techniques. Such areas include: galactic structure and dynamics, stellar astrophysics, the formation and evolution of planets and stars, as well as introductions to extragalactic astronomy and cosmology. With such a diverse background our students will be able to integrate into the astronomical community and optimally apply astrometric and celestial mechanical techniques to the solution of problems relevant to modern astrophysics. It is important that each subject area be introduced with science applications that will help to motivate students to study the topic.
ACM 1 was developed to meet the first level of educational needs for a Ph.D. in our fields. It will be necessary for each institute to revise the subject areas included in ACM 1 for Masters degree programs where the students are normally expected to be more specialized and to eventually play supporting roles in large scale research programs.
With the above factors taken into consideration we present here our proposed syllabus for an introduction to the study of Astrometry and Celestial Mechanics and hope that it will be of use to our colleagues in preparing the next generation of scientists in our fields. Each subject area is preceded by the recommended number of hours to be spent on the topic in the context of a 40-hour course.
The Syllabus for ACM 1
- (1 hr -Highlights: Letting the sky drift by; observing efficiently -Gaia, CTI, SDSS, and QuEST.
-(1 hr) Image deconvolution: -Highlights: Increase your telescope aperture by 40%, ... -Theory -Noise sources -Aberrated PSFs -Good PSFs but correcting for atmospheric degradation -Potential gain in precision -Potential gain in limiting magnitude -(1 hr) Plate measuring machines:
-Highlights: Old plates can improve our proper motions -Scanning machines -SuperCOSMOS, PDS, STScI GAMMA -Calibrating for thermo-mechanical drifts and non-linearities -Step-and-repeat imaging of a plate -PMM, StarScan, next generation scanners -Stitching the "footprints" together -Algorithms for photographic images -Astrometry -Photometry -Calibration -Orthogonality of axes, periodic errors, detector time lags, and others -(3 hrs) From measures to celestial coordinates:
-Highlights: Projecting the sky onto the focal plane -Primer on spherical astronomy -Telescope-modeling techniques.
-Gnomonic to focal plane calibrations -Focal-plane arrays of CCDs -Looking for systematic errors -Extending astrometric calibration regions to fainter objects and to different passbands.
- (1 hr 
Conclusion
The evolution of Astrometry from ground-based to space-based has resulted in greatly increased accuracy that requires us to reformulate our reference frames, systems and equations of motion in the context of special and general relativity. Our old curricula are outdated and need to be completely revised especially in countries that have direct access to space-based observations. A range of teaching methods and opportunities are needed, such as lecture courses, workshops, summer schools and internships. The IAU Division I Working Group on Astrometry by small ground-based telescopes can provide numerous educational and training opportunities for students and a means to accomplish different international campaigns, such as PHEURA, PHESAT and PHEMU.
